Background: Most data suggest that cancer patients with diabetes have worse outcomes, which may be reversed with metformin. Metformin might modulate the clinical outcomes of diabetic cancer patients. We performed a systematic review and meta-analysis based on published studies over the past five years to summarize the effects of metformin on diabetic cancer patients. Methods: We systematically searched for studies that were published over the past five years. Then, we evaluated these studies for inclusion and extracted the relevant data. The summary risk estimates for the association between metformin treatment and all-cause mortality (ACM) and cancer-specific mortality (CSM) were analyzed using random or fixed-effects models. Stratified analyses by cancer site and country were also conducted. Results: Based on the 42 studies included in our analysis (37 015 diabetic cancer patients), we found a significant benefit associated with metformin treatment on survival corresponding to 27% and 26% reductions in ACM (hazard ratio [HR] ¼ 0.73, 95% confidence interval [CI] ¼ 0.68 to 0.79, P < .001) and CSM (HR ¼ 0.74, 95% CI ¼ 0.64 to 0.86, P < .001), respectively. The ACM rates for colorectal cancer, endometrial cancer, breast cancer, prostate cancer, and ovarian cancer showed significant benefits associated with metformin treatment in our stratified analyses by cancer site. Stratified analyses by cancer site also showed a significant reduction in CSM for breast cancer. This association between metformin treatment and reduced CSM for diabetic breast cancer patients was also observed in our country subgroup analyses. Conclusions: We found an association between metformin exposure and reduced ACM and CSM in diabetic patients with cancer. Our findings suggest that metformin treatment could be an effective treatment option for diabetic cancer patients.
because it is relatively inexpensive, safe, effective, and well tolerated (8) . Over the past several years, some studies have investigated the associations between metformin treatment and cancer. Basic biochemical studies have provided a better understanding of the mechanisms of the antitumor activity of metformin and the potential for metformin to modulate molecular pathways involved in cancer cell signaling and metabolism. The anticancer effects of metformin include decreased insulin/ insulin-like growth factor-1 (IGF-1) signaling, inhibition of the mammalian target of rapamycin (mTOR), inhibition of mitochondrial complex I in the electron transport chain, activation of AMP-activated kinase (AMPK), and reduction of endogenous production of reactive oxygen species (ROS) and associated DNA damage (9) (10) (11) . Metformin has also been associated with the risk of cancer incidence and mortality in recent studies. Although the results of these studies have been inconsistent in the context of different cancers, these findings have led to increasing interest in the potential role of metformin as an anticancer agent.
Several published studies have reported that metformin treatment could widely improve the survival of cancer patients with diabetes; however, the results from these studies have been inconsistent. Since 2014, a growing number of studies have evaluated the effect of metformin on the mortality of patients with diabetes in types of cancers that had not been reported previously, including endometrial cancer (12, 13) , lung cancer (14) (15) (16) (17) , bladder cancer (18) , renal cell cancer (19) , and laryngeal squamous cell carcinoma (20) . Therefore, we conducted the present systematic review and meta-analysis to evaluate these studies. The first objective of our analysis was to determine whether the results of recently published studies could change the outcomes of the previous meta-analyses. Furthermore, we sought to summarize the association between metformin treatment, all-cause mortality (ACM), and cancerspecific mortality (CSM) in patients with concurrent cancer and diabetes as well as to summarize these associations according to cancer site and country.
Methods

Study Selection and Data Extraction
The following computerized bibliographic databases were used to search for relevant articles: PubMed, EMBASE, and the ISI Web of Science (Science Citation Index Expanded). We used the following search terms: "cancer," "neoplasm," "diabetes mellitus or diabetes," "metformin," "mortality," "survival," and "prognosis." A manual search was performed for references cited in the selected articles and in the selected reviews. Articles for which the abstract or full text was not available in English were excluded after review. The search included studies up to January 2017.
We included both observational studies and clinical trials of patients with concurrent cancer at any site and diabetes that evaluated the effect of metformin treatment on mortality. All included studies defined glucose-lowering drug exposure (metformin or nonmetformin: insulin, sulfonylureas, thiazolidinedione, and other medications) in subgroups and further compared metformin-treated patients with non-metformin-treated patients (either patients on other glucose-lowering drugs and/or diabetic patients not on pharmacological treatment regimens). The criteria for excluding studies in the present analyses were 1) studies that did not provide an adjusted hazard ratio with an estimated 95% confidence interval, 2) studies that included nondiabetic patients in the nonmetformin group, 3) studies that included patients with type I diabetes mellitus, 4) diabetes was diagnosed after enrollment in the analysis, or 5) the patients did not have cancer at the baseline reading. Two investigators independently extracted the following data from each of the included studies: first author, region of study, publication year, study period, study design, cancer site, length of follow-up, glucose-lowering drug treatment (metformin or nonmetformin exposed), adjustment covariates, and adjusted estimates. A third investigator reviewed the extracted data. Group discussion was used to resolve any discrepancies in the course of article selection and data extraction.
Statistical Analysis
We used adjusted Cox proportional hazard ratios for the quantitative analysis, and we calculated the combined hazard ratios for ACM and CSM in patients with cancer and diabetes treated with or not treated with metformin. Subgroup analyses according to specific cancer sites and country were performed when at least two studies were available and clinical evaluation permitted a meta-analysis. Heterogeneity across studies was estimated by the v 2 test and the I 2 statistic, and correct effect models were chosen accordingly. Statistically significant heterogeneity was defined as an I 2 greater than 50% or a v 2 P value of less than .1 (www.nature.com/nrc/journal/v3/n7/glossary/ nrc1125_glossary.html) (21) . If significant heterogeneity was observed, the summary estimation was based on a randomeffects model according to the DerSimonian and Laird method (22) . If significant heterogeneity was not observed, we reported the summary estimation results on the basis of a fixed-effects model. Potential publication bias was assessed using Egger tests. All statistical analyses were conducted using STATA software version 14.0 (StataCorp, College Station, TX). A two-sided P value of less than .05 was considered significant for all analyses except for the heterogeneity tests. Figure 1 shows the flow chart for study selection. Initially, 3079 articles were retrieved from the computerized bibliographic databases, of which 2014 were duplicates. After title screening, 175 studies were recommended for abstract review. Studies that did not report the mortality information and studies that were reviews, commentaries, or meta-analyses were excluded from our analysis. Of the abstracts reviewed, 70 studies were eligible for further full-text review. We further excluded studies that 1) were reviews or meta-analyses, 2) were experimental studies, 3) did not provide the abstract in English, 4) did not provide sufficient statistical details in the abstract, or 5) did not report mortality information. After full-text review, we finally included 42 studies in total, which consisted of 26 studies that reported the ACM (12) (13) (14) (15) (16) (17) 20, (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) , one study that reported the CSM (42) , and 15 studies that presented both measures (18, 19, (43) (44) (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) . Two studies included all cancer sites (35, 39) , nine studies reported on breast cancer (23, 30, 40, (42) (43) (44) 47, 52, 55) , seven studies reported on colorectal cancer (25, 27, 34, 45, 50, 51, 53) , five studies reported on lung cancer (14) (15) (16) (17) 41) and prostate cancer (37, 46, 48, 49, 54) , four studies reported on pancreatic cancer (24,28,31,33), three studies reported on liver cancer (26, 29, 38) , two studies reported on ovarian cancer (32, 36) and endometrial cancer (12, 13) , and one study each reported on bladder (18), kidney (19) , and laryngeal cancers (20) . Among the 42 studies, which consisted of 37 015 cases, 18 977 cases received metformin alone or in combination with other glucose-lowering regimens, and the remaining 18 038 cases received nonmetformin therapy, such as insulin, sulfonylurea, thiazolidinedione, or other medications. The detailed characteristics of the included studies are shown in Table 1 .
Results
Meta-analysis Database
All-Cause Mortality
Forty-one studies were available for inclusion in the ACM analyses based on metformin treatment in diabetic patients with cancer, of which 23 studies reported a reduction in ACM (13) (14) (15) (16) (17) 20, 25, 28, (32) (33) (34) (35) (37) (38) (39) (40) 43, 47, 48, 51, (53) (54) (55) , 16 studies found no correlation (12, 18, 19, 23, 24, 27, (29) (30) (31) 36, (44) (45) (46) 49, 50, 52) , and two studies reported an increase in ACM (26, 41 
The details of our analysis are summarized in Figure 2 . The results of an Egger test suggested the possible presence of publication bias (P ¼ .006).
In addition, we performed subgroup analyses for the cancer sites, for which we had at least two studies available.
Colorectal Cancer
Data on colorectal cancer were available from seven studies (25, 27, 34, 45, 50, 51, 53) . Four studies found a significant reduction in ACM in metformin-treated patients (25, 34, 51, 53) , whereas the other three studies found no reduction in ACM (27, 45, 50) . Subgroup analyses demonstrated that metformin treatment was associated with a 22% reduction in ACM relative to nonmetformin treatment, and this difference reached statistical significance (random-effects model, pooled HR ¼ 0.78, 95% CI ¼ 0.67 to 0.90, P ¼ .001) (Figure 2 Endometrial Cancer Two studies on endometrial cancer provided data on ACM (12, 13) . One study reported that the ACM of metformin-treated patients was significantly lower than that of non-metformin-treated patients (13) , whereas the other study did not find a significant association (12) . The pooled hazard ratio was 0.50 (95% CI ¼ 0.32 to 0.78 by fixed-effects model, P ¼ .002) (Figure 2 ). We observed no evidence of heterogeneity in these studies (I 2 ¼ 0%, P ¼ .456).
Breast Cancer
Data on breast cancer were available from eight studies (23, 30, 40, 43, 44, 47, 52, 55) . Four studies reported that the ACM of metformin-treated patients was significantly lower than that of non-metformin-treated patients (40, 43, 47, 55) , whereas the other four studies did not find a significant association (23, 30, 44, 52) . Our analysis found that metformin treatment yielded a significantly reduced ACM compared with that of nonmetformin treatment (random-effects model, pooled HR ¼ 0.63, 95% CI ¼ 0.49 to 0.80, P < .001; heterogeneity, I 2 ¼ 80.2%, P < .001) (Figure 2 ). In the Xiao et al. study, patients with all three breast cancer subtypes (luminal A/B/C) who were treated with metformin showed a significant reduction in ACM (40) .
Prostate Cancer ACM data for diabetic prostate cancer patients were reported in five studies (37, 46, 48, 49, 54) . Three studies found that the ACM rate of metformin-treated patients was significantly lower than that of non-metformin-treated patients (37, 48, 54) , whereas the other two studies did not find a significant association (46, 49) . Our analysis revealed that the ACM rate was significantly decreased in patients treated with metformin (pooled HR ¼ 0.72, 95% CI ¼ 0.56 to 0.93, P ¼ .011) (Figure 2 ). This analysis was based on a random-effects model because we observed evidence of heterogeneity among the included studies (I 2 ¼ 56.5%, P ¼ .056).
Ovarian Cancer
Two studies on ovarian cancer in diabetic patients provided ACM results (32, 36) . One study showed that the ACM rate of metformin-treated patients was significantly lower than that of non-metformin-treated patients (32) , whereas the other study did not find a significant association (36) . The pooled hazard ratio was 0.39 (95% CI ¼ 0.22 to 0.67 by fixed-effects model, P ¼ .001) (Figure 2 ). We observed no evidence of heterogeneity among the data (I 2 ¼ 0%, P ¼ .806).
All Cancer Sites
Data on all cancer types were available from two studies, both of which showed a reduction in ACM rate in metformin-treated patients (35, 39) . Metformin treatment resulted in a benefit, with a pooled hazard ratio of 0.70 (95% CI ¼ 0.65 to 0.75, P < .001, by fixed-effects model; heterogeneity, I 2 ¼ 34.5%, P ¼ .178) (Figure 2 ).
In the study by Xu et al., among patients from the Vanderbilt electronic health records system, metformin treatment was associated with a significant decrease in ACM rate relative to other oral hypoglycemic medications and insulin (39) . The benefit of metformin was similar in patients included in a study based on the Mayo Clinic health records system (39) . In a study where the data were stratified according to the category of glucose-lowering medications used, Currie et al. compared different therapies in diabetic cancer patients and found that those who received metformin therapy demonstrated a significantly decreased ACM rate relative to insulin or sulfonylurea treatment (35). Our results did not identify a significant correlation between metformin treatment and a reduction in ACM rate in diabetic patients with pancreatic cancer, hepatocellular cancer, or lung cancer.
In the subgroup analyses by country, a significant reduction in ACM rate was observed in metformin-treated patients in Asian countries (fixed-effects model, pooled HR ¼ 0.50, 95% CI ¼ 0.41 to 0.62, P < .001) and Western countries (random-effects model, pooled HR ¼ 0.78, 95% CI ¼ 0.72 to 0.84, P < .001).
Cancer-Specific Mortality
Of the 16 studies that reported CSM data only, seven studies reported a reduction in CSM rate in metformin-treated patients (18, 42, 43, 48, (53) (54) (55) , and nine studies found no association between metformin treatment and CSM rate in diabetic cancer patients (19, (44) (45) (46) (47) (49) (50) (51) (52) . Our meta-analysis revealed that diabetic cancer patients who were treated with metformin demonstrated a significantly reduced risk of CSM compared with those who did not receive metformin (random-effects model, pooled HR ¼ 0.74, 95% CI ¼ 0.64 to 0.86, P < .001). We observed statistically significant heterogeneity in this analysis (I 2 ¼ 54.7%, P ¼ .005). The details of this analysis are summarized in Figure 3 . Publication bias was not observed based on an Egger test (P ¼ .586).
In the CSM subgroup analysis by cancer site, metformin treatment was significantly associated with a reduction in CSM rate for diabetic patients with breast cancer (random-effects 
2 ¼ 70.1%, P ¼ .005) (Figure 3 
Discussion
Since 2010, investigations on metformin use and cancer mortality have expanded considerably. A series of previous research studies and meta-analyses have suggested that metformin might modulate the clinical outcomes of diabetic cancer patients, whereby patients treated with metformin demonstrated significantly lower ACM and/or CSM rates than those who used other antidiabetic medications. Recently, the results of some studies seemed to contradict these reports, and conflicting data were reported based on differences in cancer type. Menamin et al. found no evidence of an association between metformin usage and mortality in a cohort of 1197 patients with diabetes and colorectal cancer (45) . The findings of Chaiteerakij et al. showed no difference in mortality between metformin exposure and nonmetformin exposure in diabetic patients with pancreatic cancer (24) . Additionally, in studies on bladder cancer (18) and renal cell cancer (19) , the results seemed to indicate no effect of metformin usage. In the present study, we included research studies on all cancer types in patients with diabetes that have been reported so far to provide further up-to-date evidence on the effect of metformin on ACM and CSM rates. Based on data from 42 studies, we showed 27% and 26% reductions in ACM and CSM rates in patients with cancer and diabetes who used metformin. In the stratified analyses by cancer site, we demonstrated that metformin exposure yielded a significantly lower ACM than other antidiabetic medications in colorectal cancer, endometrial cancer, breast cancer, prostate cancer, and ovarian cancer. Metformin usage was also associated with a significant reduction in CSM for breast cancer. In our subgroup analyses by country (Asian or Western countries), decreases in ACM and CSM rates were found for Asian and Western patients treated with metformin. However, stratified analysis by country represents a rough evaluation of ethnicity because, while most patients in the studies from Western countries were white, some Asian or African ethnicity could have been included in the analytic population. Unfortunately, we were unable to perform further analyses by ethnicity because these details were unavailable.
Notably, in the subgroup analyses of lung cancer, the study conducted by Mazzone et al. concluded that diabetic cancer patients who received metformin could have a much higher ACM rate (41) . In contrast, the other four studies in the data pool identified evidence of a positive effect of metformin treatment on ACM rate (14) (15) (16) (17) . Several possibilities could explain discrepancies such as this. First, differences in control variables could bias the results between the studies. For example, in the multivariable analyses in the study by Mazzone et al. (41) , the risk estimates were corrected for only age and stage, whereas the risk estimates in the other four studies by Lin et al. (16) , Chen et al. (14) , Kong et al. (15) , and Xu et al. (17) were adjusted for the type of epidermal growth factor receptor (EGFR) mutation, level of neuronal specific enolase and lactate dehydrogenase, performance status, and chemotherapy. Second, Chen et al. (14) and Lin et al. (16) included only non-small cell lung cancer (NSCLC) cases, and Xu et al. (17) included only small cell lung cancer (SCLC) cases, whereas Mazzone et al. included patients with NSCLC, SCLC, and other histological subtypes (41) . In breast cancer, the salutary effect of metformin had been observed in five studies. Kim et al. (43) found a survival benefit for human epidermal growth factor receptor 2 (HER2)-positive and hormone receptor-positive patients with metformin exposure, and He et al. (55) noted that metformin users were associated with better clinical outcomes than nonusers in diabetic patients with HER2-positive breast cancer. In ALTTO Phase III Randomized Trial, Sonnenblick et al. reported that metformin may improve the worse prognosis in diabetic patients with primary HER2-positive and hormone receptor-positive breast cancer (56) . In the Xiao and colleagues study (40) , patients with luminal A/B/C subtypes who were treated with metformin showed a significant reduction in mortality, whereas the other two studies included all types of breast cancer (42, 47) . Thus, the unknown and potential interactions between metformin, different histological cancer subtypes, and genetic biomarkers could influence the clinical outcomes of these populations; these possibilities merit additional research.
Glucose-lowering treatments are modified depending on glucose levels and side effects, which means the details of metformin usage (duration and dosage) do not accurately represent ongoing exposure status during the follow-up. The inclusion of time-dependent cumulative variables and dose-response variables for metformin exposure are important to further evaluate whether metformin exposure influences the clinical outcomes of patients with cancer and diabetes (57) . In prostate cancer, Margel et al. demonstrated that the cumulative duration of metformin treatment was associated with a significant improvement in ACM and CSM rates, and that every additional six months of metformin results in a 24% decrease in CSM and a significant decrease in ACM (48) . In colorectal cancer, cumulative metformin exposure did not correlate with ACM (27) . In breast cancer, Lega et al. found no significant association between the cumulative duration of metformin use and ACM and CSM (52), whereas Vissers et al. and Peeters et al. both reported a cancer-specific survival benefit for patients who had cumulative metformin exposure (44, 47) . When we focused on the relationship between dose response and mortality, Menamin et al. demonstrated no evidence of a significant association between colorectal cancer-specific mortality and metformin use by increasing the number of prescriptions (45) . To date, few studies have used the above-mentioned methods for modeling metformin treatment, and we think that further investigations are required to address this issue.
Cancer and diabetes are being diagnosed within the same individuals with increasing frequency (2) . Researchers have revealed that the relationship between cancer and metformin treatment is complex, and factors that affect one or more parts of the network could be associated with cancer mortality. In laboratory studies, metformin has been shown to inhibit cell proliferation, reduce colony formation, and cause partial cell cycle interruption in several cancer cell lines (58) (59) (60) . These research studies suggest that metformin-induced activation of AMPK pathways may inhibit downstream cellular growth and proliferation in tumor cells, at least through inhibiting protein synthesis to some extent (10, 58) . Metformin regulates insulin levels by ameliorating insulin sensitivity (1) . Additional in vivo studies have found that metformin exerts less antitumor activity in mice receiving a control diet than it does in mice receiving a high-energy diet (61) . This finding suggests that the reduction in endogenous insulin levels by metformin may contribute to its antitumor activity (9) . Other in vitro studies have reported similar findings that metformin may kill cancer cells, reduce cancer burden, and enhance the effectiveness of breast cancer treatment (62) (63) (64) . In an observational study by Jiralerspong et al., the authors reported a higher pathologically complete response for patients who had metformin treatment compared with those who had nonmetformin treatment in early-stage breast cancer patients receiving neo-adjuvant therapy (65) . On the basis of the growing evidence of the anticancer mechanisms of metformin in preclinical studies, along with the results of retrospective analyses focused on the associations between metformin and mortality, metformin has been considered a potential adjunctive cancer therapy (66) . Moreover, at least 20 randomized controlled trials (RCTs) have been initiated to further evaluate the efficacy of metformin in cancer treatments (67) . We think that the results of those RCTs are needed before making general recommendations or launching large-scale clinical efforts.
Several limitations are associated with our meta-analysis. First, the designs of the included retrospective studies differed, and the adjusted estimates we used were not adjusted by the same variables. All of these factors could have caused heterogeneity among the studies. Although we applied a random-effects model that takes potential heterogeneity into consideration, careful interpretation of the heterogeneity is necessary. Second, publication bias suggested by Egger's tests could be the result of small study effects rather than true publication bias, especially in the presence of significant heterogeneity among studies (68) . Third, as we know, time-related biases could affect the results observed with a drug. These biases are known to exaggerate downward the effect of a drug, thus making a drug seem to be protective when in fact it may have no effect (69) . In the present data pool, many studies have not considered time-related biases. Thus, careful interpretation is necessary. Although our findings should be interpreted cautiously, our results nevertheless raise a critical point regarding the debate on whether anticancer and metformin treatment is superior for diabetic cancer patients. Additionally, grouping patients according to metformin treatment or nonmetformin treatment could be an oversimplified comparison. Most patients with cancer and diabetes received one or more glucose-lowering medications and other medications with dosage changes during the follow-up period. It is extremely difficult to evaluate the effect of intricate interactions among various medications on clinical outcomes. In general, our meta-analysis was based on abstracted data and not on individual patient data (IPD). An IPD-based meta-analysis would provide a more robust estimation of the relationship between metformin usage and mortality (70) . Therefore, one needs to carefully interpret our results, especially for the positive associations in the stratified analyses.
In conclusion, our results provide an overview of recent evidence on the effects of metformin treatment in diabetic cancer patients, which demonstrate an association between metformin exposure and reduced ACM and CSM rates in diabetic cancer patients. However, due to some limitations, our results should be interpreted cautiously. Further prospective, highquality studies on the effect of metformin treatment in diabetic cancer patients will be needed to confirm our findings.
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